In the yellow-spotted longicorn beetle, Psacothea hilaris (Pascoe), variation in body size is conspicuous, especially in males. Size-related difference in male response to females and dummies treated with female extract were examined in the laboratory. Smaller males more frequently located and mounted females than did larger males when introduced to females. Smaller males responded to dummies treated with lower doses of female extract. This result indicates that small males were more sensitive to female sex pheromone and more active in their mating search and pre-copulatory behavior. However, females preferred large males to small ones. They displayed mate refusal behavior to small males much more frequently than to large males. A higher sensitivity to sex pheromone and subsequently higher copulatory activity in small males may compensate for the disadvantage of lower female choice. This hypothesis was supported by a field investigation: body size distributions were not significantly different between mounting males and solitary males.
INTRODUCTION
Psacothea hilaris (Pascoe) (Coleoptera: Cerambycidae) is one of the most common longicorn beetles in Japan and is known as a severe pest of mulberry and fig trees. Males and females promiscuously mate on the host trees. It has been reported that a male removes his rival's sperm from the spermatheca of the mate before ejaculation (Yokoi, 1989 (Yokoi, , 1990 . This behavior implies competition between males for females.
Variation in the body size of P. hilaris is conspicuous, especially in males (Iba, 1993) . In insect species, mating behavior and reproductive success are related to body size variation in a population. In general, larger males attain higher reproductive success through sexual selection (female choice) and/or male-male aggression over the female (e.g. Thornhill and Alcock, 1983; Burkhardt et al., 1994; Johnson, 1982; Goldsmith et al., 1996) . Because of this, small P. hilaris males are likely to be inferior to large males in acquiring females; i.e., smaller males should be less adaptive in reproduction. Why has natural selection allowed large variation in body size in P. hilaris? In some insect species including Cerambycidae (e.g. McLachlan and Neems, 1989; Alcock, 1993, Rasmussen, 1994; Alcock, 1997) , smaller males do not behave in the same way as larger ones (i.e. alternative tactics), thus increasing mating chances. Male P. hilaris may have such size-dependent polymorphism in mating behavior.
In P. hilaris, male mate recognition at short range is important: the males recognize females by direct contact with their antennae, palpi, and/or tarsi (Fukaya and Honda, 1992) . Females have contact sex pheromone on the body surface (Fukaya and Honda, 1992; . Smaller and larger males might differ in their response to the female pheromone. In a cerambycid, Phoracantha semipunctata, larger males are assumed to have reproductive advantage because of their long antennae that function as sensitive pheromone receptors (Hanks et al., 1996a, b) . A similar ten-dency, larger male advantage with higher pheromone sensitivity could also be possible in P. hilaris.
In this report, I examined the size-dependent differences in mating of males and mate preference by females through observations of precopulatory behavior. The mating chance of smaller males is also discussed on the basis of laboratory observations and field investigations.
MATERIALS AND METHODS

Insects.
A laboratory stock culture was originated from progeny of beetles collected in September 1988 in lbaraki Prefecture. The culture was kept according to the methods described by Fukaya and Honda (1992) . To obtain eggs, five to ten males and females were placed together in a plastic box (ca. 35 cmϫ23 cmϫ12 cm) with mulberry rods as oviposition substrates. Eggs were collected from the rods and incubated on wet filter paper until hatching. The larvae and adults were fed on an artificial diet for young silkworms (wet type; Japan Chlorella Co. Ltd., Tokyo). Some adults are also fed rolled mulberry leaves. The larvae and adults were kept individually in plastic cups. All the insects used in this study were kept at 26Ϯ2°C under a 15L:9D photoperiod regime for all stages. For the experiments on effects of body size, female and male beetles were collected in the mulberry fields at Makabe, Ibaraki Prefecture on 8-9 August and 13-14 September 1989. All beetles were kept individually in plastic cups (8 cm dia. and 4.5 cm depth) and provided with rolled mulberry leaves.
For comparison of body size of mating and solitary individuals, field specimens were collected in mulberry fields in Tsukiyono-machi, Gunma Prefecture on 6, 7, 16 and 17 September 2002. All were measured for body length (from the head to the end of elytrum), width (at the widest part of elytra) and height (from top of elytra to sternum) with the use of calipers.
Size classification. Length, width and height of all females and males collected at Makabe in August were measured with calipers. Since high correlation coefficients were obtained between length and width and between length and height (rϭ0.98; see "Results"), they were classified into small, medium and large classes according to body length from head to elytrum tip: Females: small, Ͻ20 mm; medium, 20-25 mm; large, Ն25 mm; Males: small, Ͻ19 mm; medium, 19-25 mm; large, Ն25 mm (see Fig. 1 ). For beetles collected at Makabe in September, length was also measured.
Observation of male and female behavior. Male and female behavior was observed under 26Ϯ2°C and 2,000-1,500 lx, within 4 h before darkness. A female was carefully introduced on a sheet of filter paper (20 cmϫ20 cm) and covered with a plastic cup (12 cm dia., 6.2 cm ht.) more than 5 min before male introduction. A walking male was gently guided to within ca. 5 cm of the female. Male and female behaviors were observed until the male mounted the female and attempted to copulate with her, i.e., until males bent the abdomen (abdominal bending behavior) toward female abdominal tip. Observation was stopped 5 min after the encounter if the male did not show abdominal bending behavior. When the male showed abdominal bending behavior, it was removed before copulation. Typical male mating behavior is composed of dash, holding, mounting, and abdominal bending behaviors, described by Fukaya and Honda (1992) . In this paper, dash (rapid approach toward mates or female models) and abdominal bending behaviors were used as indicators of male mating activity. Female behaviorsto males were also observed and recorded.
Female extracts. Virgin females (14-to 60-dold) obtained from the stock culture were frozen at Ϫ20°C. The female bodies (50 females) were soaked in 400 ml of ether for 12 h at room temperature. Extract was obtained by decantation, dried over anhydrous Na 2 SO 4 and filtrated off. Ether was removed from the extract under reduced pressure and the residue was dissolved with hexane and stored at Ϫ20°C until use.
Behavioral assay. Males used in the bioassay were collected in August at Makabe. Male activity was evaluated according to the bioassay method described by Fukaya and Honda (1992) . A colorless, transparent gelatin capsule for medicine (24 mm length, 8 mm dia., Japan Pharmacopoeia, No. 00) was fixed on a filter paper disk (9 cm dia.) with a small piece of double-sided adhesive tape. The upper surface of the capsule was coated with 2 Ϫ5 , 2 Ϫ3 or 2 Ϫ1 FE (female equivalent) of the female extract with the use of a microsyringe. After the solvent had completely evaporated, a male was guided to the front of the capsule (ca.
3 cm from the capsule). The male and the capsule were covered with a transparent plastic observation cup (12 cm dia., 6.2 cm depth) to eliminate disturbance. Observation continued for 5 min. The assays were conducted at 26Ϯ2°C, within 4 h before lights off and under an L15:D9 photoregime.
Significance of differences among more than two values of response rates were examined by mϫn Yates' chi-square test. When the difference was significant, values were compared with the two-tail 2ϫ2 chi-square test or Fisher's exact probability test.
RESULTS
Variation in male and female body size
P. hilaris adults collected in the field were 13-30 mm long (21.4Ϯ3.4 mm [meanϮSD]) in males and 15-31 mm (22.5Ϯ2.5 mm) in females (Fig. 1) . The male body length varied significantly more than that of the female body length (pϽ0.001; F-test).
Correlation coefficients between body length and width (rϭ0.98 for both males and females) and between body length and height (rϭ0.98 in male, rϭ0.99 in female) were almost equal to 1.00. Body length was therefore taken as an index of body size.
Effects of male and female body size on male mating behavior
Small males showed a dash response to females more frequently than larger ones (Fig. 2) . The rate of males making a dash decreased from small to large size class (largeϾmedium, mediumϾsmall, pϽ0.001, 2ϫ2 chi-square test). A similar tendency was observed in the frequency of abdominal bending behavior (pϽ0.001).
Males showed dash responses significantly more frequently to medium females than to small ones (pϽ0.005). Male abdominal bending behavior was observed significantly more frequently for males encountering large and medium females than small females (pϽ0.001).
Female mate refusal to males of different sizes
Females were occasionally observed to kick males and/or to walk rapidly while they were held or mounted by males. Sometimes, the females shook off the males. Since the males often departed after the female initiated such behaviors, these actions were considered as "mate refusal".
The relationship between female mate refusal, Fig. 2 . Percentage of males who showed dash and abdominal bending behaviors toward female (nϭ150). Left: Male size and response to females. Right: Female size and male response to the females. There were significant differences in dash and abdominal bending response rates of both sexes among the three size classes (pϽ0.01; 3ϫ2 Yates' chi-square test). In the figures, values accompanied by the same letter are not significantly different at pϭ0.005 level (2ϫ2 chi-square test). kicking male and rapid walking, and relative body size of the pair are indicated in Table 1 . Females who showed mate refusal behaviors were occurred more frequently in pairs in which the males were smaller than the females (hereafter smaller male pairs) than in pairs in which the two sexes were equal or the male was larger in body length (larger male pairs). The smaller male pairs comprised 59% of the tested pairs. Among pairs for which kick and rapid walking behaviors were observed, smaller male pairs comprised 98% and 76%, respectively. Kicking and rapid walk occurred at significantly higher rates in smaller male pairs than in larger male pairs (pϽ0.001, Fisher's exact probability test).
Male body size and response to female extracts
As shown in Fig. 3 , both the dash and abdominal bending response rates toward gelatin capsules treated with female extracts differed among male size classes when the extract dose was low (2 Ϫ5 FE and 2 Ϫ3 FE: pϽ0.001 by Yates' chi-square test). At 2 Ϫ5 and 2 Ϫ3 FE, smaller males tended to show dash response at significantly higher rates than the medium and larger ones (pϽ0.001 by Fisher's exact probability test). The abdominal bending rate tended to decrease with increasing male size: abdominal bending rate of the small males was higher than that of medium and large males at 2 Ϫ5 FE (pϽ0.001) and those of small and medium males were higher than large at 2 Ϫ3 FE (pϽ0.02). When the extract dose was higher (2 Ϫ1 FE), the dash and abdominal bending rates did not differ among male size classes (pϾ0.05 by 3ϫ2 Yates' chi-square test).
Body size in solitary and paired beetles in the field
Distributions of male and female body lengths collected in mulberry fields in September 2002 are indicated in Fig. 4 Ϫ5 FE (pϽ0.001) and 2 Ϫ3 FE (pϽ0.05). Dash rate of small males was higher than that of medium and large ones at 2 Ϫ5 and 2 Ϫ3 FE (pϽ0.001 by Fisher's exact probability test). Abdominal bending rate of small males was higher than that of medium and large ones in 2 Ϫ5 FE (pϽ0.001) and those of the small and medium males were higher than large ones in 2 Ϫ3 FE (pϽ0.02).
DISCUSSION
Effect of male body size and mating chance of a smaller male
Mating behavior of P. hilaris in the laboratory was observed to depend on male body size (Fig. 2) . Smaller males showed higher frequency of dash (rapid approach to female) and abdominal bending (copulation attempt) more frequently. This size dependency of male mating activity is considered to be at least partly due to the sensitivity to the female sex pheromone. In this experiment, smaller males were more responsive and active to the female sex pheromone (Fig. 3) . In P. hilaris, female contact sex pheromone on the body surface is essential to male mating behavior (Fukaya and Honda, 1992; . The pheromone allows male to locate a female within very short distances when the male antennae and/or tarsi is in contact with the female, during wandering or resting on the host. A male with a higher sensitivity to the sex pheromone, which leads to mate location and/or copulatory attempt, he might have more mating opportunities. Smaller males could therefore obtain more chances for mating than larger ones, although the effects of other factors such as female behavior and/or male aggregation might also be important.
In Phoracantha semipunctata, larger males have an advantage in reception of female pheromone by their longer antennae (Hanks et al., 1996a, b) . Sensitivity to female sex pheromone in P. hilaris males, however, cannot be due to longer antennal length, since it is the smaller males that have higher response rates.
Effect of female body size on male mating behavior
Since male behavior toward the female model with female extract was affected by model size , female size was also expected to induce differential male mating responses. In the present study, male dash was observed at high rates when males encountered average-sized females, and abdominal bending behavior occurred most frequently in response to larger females (Fig. 2) . This indicates that males might prefer average and large females to small females. Such 'male choice', i.e., male preference for larger females, has been demonstrated in a cerambycid beetle, Tetraopse tetraophthalmus (McLain and Boromisa, 1987) . In this beetle, female fecundity is correlated with size (Price and Wilson, 1976) . This might also occur in P. hilaris.
Female mate refusal behaviors and smaller male disadvantage
The female preference for larger males revealed in the present study has been reported in other insects (e.g. Johnson, 1982; Goulson et al., 1993; Kosal and Niedzlek-Feaver, 1997) . It is still unknown how females of P. hilaris recognize the male size, however. Female preference indicates that smaller males of P. hilaris might not obtain higher mating success than large ones, in spite of high mating activity.
The advantage of larger males is also supported by reports on male-male aggression: larger males generally win in male-male aggression (e.g. Johnson, 1982; Alcock 1995; Goldsmith et al., 1996) . In Plectrodera scalato, fighting ability depends on size, but this was not correlated with mating ability (Goldsmith et al., 1996) . Larger males of P. semipunctata, however, dominate in intrasexual aggressive contests over females and obtain greater success in mating (Hanks et al., 1996a) . Aggression between males may reduce mating chance of small males to some extent, although the influence of aggression has not been examined in P. hilaris.
Body size of mounting males and reproductive success of small males
Body size of mounting males did not differ significantly from that of solitary individuals in the field-collected adults, although the former appeared slightly smaller than the latter (Fig. 4) . This fact was contradictory to the prediction that small males have a disadvantage in mate choice by females. Small males should have obtained the same level of mating opportunities as large males through the higher activity in response to female sex pheromone. The higher activity may have offset the disadvantages in mate-refusal by females and competition with larger males. Further investigation is needed to clarify the effect of body size on reproductive success, in particular, on sperm removal and other steps after mounting.
Body size of wood borers have been observed to vary greatly within populations because they depend strongly on the condition of the host tree they hatch and mature in (e.g. Basset et al., 1994) . P. hilaris larvae spend from several months to two years in the stems of mulberry and fig trees before adult exclusion (Iba, 1976) . The adult size of this beetle is generally proportional to the larval period, which depends on host tree condition and on the ovipositing season (Iba, 1993) . When the trees on which eggs are oviposited are insufficient in quality to support the entire development into large adulthood, emerging with a small body may be still preferable to death.
It is likely that small P. hilaris males compensate for their reproductive disadvantage with their higher sensitivity to female sex pheromone when they cannot grow to a larger size. They can obtain more mating opportunities when they locate females more quickly and try to mate with them. This may be a case of 'make the best of a bad job' by responding more quickly to the females than large competitors.
